activity may play an important role in the rehabilitation of cancer survivors during and after treatment. Current research suggests that numerous beneficial outcomes are experienced in cancer survivors undergoing exercise interventions during or after cancer treatment. Exercise not only plays a role in managing side effects but also improves functional capacity and quality of life. The purpose of this article is to provide an overview of the oncology literature supporting the use of exercise as an effective intervention for improving cancer-related fatigue, other side effects, functional capacity, and quality of life among cancer survivors.
INTRODUCTION
According to the American Cancer Society, nearly 1.5 million people in the United States will be diagnosed with cancer in 2009 (2) . Despite the large number of cancer diagnoses, the 5-yr survival rate for all cancer types has increased from 50% in the 1970s to almost 70% in the first decade of the 21st century (47) . While better detection and improved treatments have resulted in a growing number of cancer survivors, these survivors endure both short-and long-term side effects from cancer and its treatments. Side effects from cancer and its treatments are far-reaching and negatively impact cancer survivors during treatment and in the years after treatment completion. Exercise can play a significant role in managing some of these side effects and improving quality of life (QOL) during and after treatment. The purpose of this article is to provide an overview of the exercise oncology literature supporting the use of exercise as an effective intervention for managing cancer-related fatigue (CRF) and other side effects while improving QOL among cancer survivors. As used in this article, a cancer survivor is defined as anyone who has been diagnosed with cancer, regardless of cancer type, cancer severity, and cancer treatment status.
CANCER TREATMENT-RELATED SIDE EFFECTS
Cancer treatments such as surgery, chemotherapy, radiation therapy, and hormone therapy often result in psychological and physiological sequelae and side effects that interfere with treatment completion, the ability to function and perform essential daily activities, and QOL. Cancer-related fatigue, psychosocial side effects, and physiological dysfunction such as impaired muscle and cardiorespiratory function are common cancer treatment-related side effects and are discussed in more detail later in this article.
Cancer-Related Fatigue
CRF is the most common and most debilitating side effect reported by cancer survivors (20, 36, 40, 44) . CRF frequently is reported by survivors throughout the cancer continuum as more distressing and having a greater negative impact on their daily activities and QOL than other cancer-related side effects, including vomiting, nausea, pain, and depression (20, 36, 40) . Typically, CRF begins near the time of diagnosis, worsens as treatments progress, and persists in the months and years after treatment completion (20, 36, 40, 44) . Approximately 60%Y100% of cancer survivors undergoing treatment report CRF, with at least 41% indicating severe CRF (20, 36, 40, 44) . Up to 81% of cancer survivors report persistent CRF following treatment completion, with 17%Y38% indicating persistent, severe CRF at least 6 months after completing treatment (20, 36, 40, 44) . Additionally, undergoing a combination of treatments results in more fatigue than single treatment modalities (20, 36, 40, 44) . CRF differs from the fatigue experienced by individuals without cancer in its severity, impact on QOL, and the inability to alleviate CRF with adequate rest alone (20, 36, 40, 44) . Recovery from cancer and its 325 SPECIAL POPULATIONS treatments is more complicated when the negative effects of fatigue on QOL continue to increase daily (20, 36, 40, 44) . The lack of effective remedies to prevent or alleviate CRF adds to the distress that cancer survivors endure. In addition, CRF commonly co-occurs with many additional psychophysiological side effects. While we do not know whether additional psychophysiological side effects are implicated in the development of CRF, they nevertheless impair a cancer sur-vivor_s QOL (20, 36, 40, 44) .
Psychosocial Side Effects
Psychosocial side effects are very common in cancer survivors. Nearly 10%Y25% of cancer survivors report depression (46) and 30%Y50% of cancer survivors report sleep disruption (50) . Sleep dysfunction is exacerbated in survivors who spend a significant amount of time in bed, as daytime activities may be interrupted by napping/rest and night sleep may be disrupted by periods of activity (4) . Pain is reported by 45%Y59% of cancer survivors (9) . Nearly half of cancer survivors report anxiety, with approximately 20% meeting anxiety disorder criteria (58) . Cognitive difficulties, including impaired memory and an inability to concentrate, occur in approximately 25%Y80% of cancer survivors (6) . Cancer survivors also may have a difficult time working, participating in leisure and social activities and in activities with their families, and sustaining meaningful relationships, and they often experience negative outcome expectancies and hopelessness during and after treatment (20, 36, 40, 44) .
Muscle Atrophy and Bone Loss
Muscle atrophy and muscle weakness commonly occur as a result of cancer and its treatment (48,60Y62). Adenosine triphosphate (ATP) is a key mediator in generating muscle mass and in contractile function. Decreased ATP synthesis may play a significant role in the development of CRF and other side effects (48) . Chemotherapy, radiation therapy, and hormonal therapy can lead to diminished bone mineral density. Adjuvant chemotherapy can lead to premature menopause, resulting in rapid bone loss from the sudden cessation of production of endogenous estrogen (7) . Additionally, primary or prophylactic oophorectomy in premenopausal women reduces estrogen production and subsequently reduces bone mineral density (57) . The increasing use of aromatase inhibitors to prevent breast cancer recurrence also has resulted in higher rates of bone loss from the inhibition of estrogen production (22) . This cancer treatment-induced bone loss results in increased fracture risks for breast cancer survivors.
Cardiopulmonary Toxicity
Singularly or in combination, chemotherapy can lead to impaired cardiovascular and respiratory function (20, 36, 40, 44) . Chemotherapeutic agents such as the anthracyclines and trastuzumab, a monoclonal antibody, may lead to acute or late cardiomyopathy, manifesting during treatment or years after treatment completion (64) . The administration of cardiotoxic chemotherapy drugs concurrent with chest irradiation for the treatment of breast cancer can synergistically result in greater damage to cardiac tissue than either treatment alone (44, 53, 54) . The acute cardiac effects of radiation include vascular tissue inflammation, vascular dilation, increased capillary permeability, and interstitial edema (44, 53, 54) . Chemotherapy-induced cardiotoxicity ultimately may lead to systolic and/or diastolic left-ventricular dysfunction, coronary artery disease, pericarditis/myocarditis, severe congestive cardiomyopathy, valvular disease, sinus tachycardia, supraventricular arrhythmias, and conduction abnormalities (44, 53, 54) . Side effects are dose-dependent, with the likelihood of clinically relevant cardiac damage increasing with cumulative doses (53, 54) . CRF is a common symptom and early preclinical indicator of cardiotoxicity in cancer survivors (44) . CRF severity is worsened by diminished cardiac function, and cardiac dysfunction results in additional stress to the heart, which in turn leads to greater CRF, suggesting that CRF and cardiac damage may share a common pathophysiology (44) . Treatments with the anticancer drugs methotrexate and bleomycin can lead to pulmonary toxicity and result in shortness of breath due to impaired lung function (11) .
Exercise as a Promising Therapy for Cancer Side Effects
Cancer and cancer treatment-related side effects vary greatly among cancer survivors because of variations in cancer types, severity of the disease, types of treatments undergone, and underlying health conditions. Therefore, it is unlikely that researchers will develop an intervention effective for the attenuation of multiple side effects targeting a single pathopsychological or pathophysiological mechanism to provide effective relief for most cancer survivors. It is more likely that, instead, an intervention capable of influencing multiple systems and psychophysiological pathways simultaneously will be needed to prevent and manage side effects effectively. In addition to the side effects discussed above (CRF, psychosocial symptoms, cardiotoxicity, bone loss), other common side effects include impaired immune function, neuroendocrine dysfunction, and neurotoxicity. Exercise is a promising therapy that may help alleviate many of the aforementioned common side effects in cancer survivors. A variety of exercise interventions, including aerobic exercise, resistance exercise, and mindfulness-based exercise have been found to reduce some of the side effects commonly experienced by cancer survivors.
PHYSICAL ACTIVITY
Research consistently indicates that exercise shows great promise as a means to mitigate the acute, chronic, and late side effects stemming from cancer and its treatments (40) . Eight recent reviews (19, 27, 28, 40, 43, 44, 52, 59) summarize the evidence demonstrating outcomes from exercise interventions implemented in cancer survivors during and after treatment. The main outcomes examined included CRF, depression, anxiety, sleep disruption, cognitive function, selfesteem, nausea, cardiopulmonary function, muscular strength, flexibility, and body composition.
Aerobic Exercise
Aerobic exercise is performed at an intensity that is low enough to allow for prolonged periods of activity, uses large muscle groups, and is rhythmic in nature. Common modes of aerobic exercise include walking, running, cycling, and swimming. Aerobic exercise has been shown to reduce many side effects stemming from cancer and its treatments, while also improving QOL. Specifically, aerobic exercise can reduce CRF, depression, anxiety, sleep disturbances, and nausea while increasing aerobic capacity.
Mock and colleagues (32Y35) reported improvements in CRF, aerobic capacity, QOL, depression, anxiety, sleep disturbance, and nausea among breast cancer survivors during chemotherapy and radiation therapy with home-based walking programs of moderate intensity (e.g., self-paced % of heart rate reserve; 50%Y70% maximum heart rate). Partici-pants_ activity levels ranged from 4Y6 dIwk j1 for 10Y45 min over 1.5Y6 months compared with nonexercising controls.
Dimeo and colleagues (16, 17) examined the effects of two different aerobic exercise interventions in cancer survivors with mixed solid tumors (e.g., breast, lung, and gastrointestinal) and participants with lymphoma receiving surgery and/ or high-dose conventional chemotherapy, radiation therapy, and autologous peripheral blood stem cell transplantation. Participants used a moderately intense interval walking program (alternating between 70% of heart rate maximum and half speed for 3 minutes each) 7 dIwk j1 for a total of 33 min during hospitalization (16) or participated in a moderately intense interval bed cycle ergometer program (alternating between 50% of heart rate reserve and rest pauses for 1 min each) 7 dIwk j1 for a total of 30 min. Participants who exercised reported less CRF, less psychological distress, better psychological well-being, better social and cognitive function, improved satisfaction with life, less dyspnea, and improved aerobic capacity and QOL compared with nonexercise usual-care controls (17) .
Courneya and colleagues (12) found improvements in CRF, anxiety, depression, physical, emotional and functional well-being, satisfaction with life, QOL, aerobic capacity, and flexibility among colorectal cancer survivors undergoing chemotherapy while participating in a moderately intense (65%Y75% maximal heart rate) walking and flexibility program 3Y5 dIwk j1 for 20Y30 min when compared with survivors in a waitlist control condition. Female breast cancer survivors undergoing chemotherapy concurrent with participation in an aerobic exercise intervention showed improvements in self-esteem and peak oxygen consumption (14) .
Similarly, Windsor and colleagues (63) demonstrated less CRF and improvements in aerobic capacity among prostate cancer survivors receiving radiation therapy while participating in a home-based walking program three times each week for 30 min at a moderate intensity (60%Y70% maximum heart rate) for 10 wk compared with participants in a usualcare control condition. Additionally, Pinto and colleagues (45) reported improved CRF, vigor, mood, and body esteem among breast cancer survivors (stages 0YII) post-treatment participating in a home-based moderate intensity (55%Y65% maximum heart rate) walking program 2Y5 dIwk j1 for 12 wk compared with participants in a contact-monitoring control condition.
Breast cancer survivors participating in at least 1 h of walking exercise following treatment completion had greater survival rates than breast cancer survivors who exercised less than 1 hIwk j1 (21) . Risk of breast cancer recurrence, breast cancer-specific death, as well as mortality from any cause was reduced by 26%Y40% in women who exercised using selfselected full-body aerobic activities such as outdoor walking and swimming. Exercising for at least 1 h offered protection, and additional protection was gained when exercise was performed at a moderate intensity 3Y5 hIwk j1 (21) . Similarly, colon cancer survivors who participated in at least 3 h of moderate intensity exercise following diagnosis, such as walking, jogging, cycling, and swimming, were at a 39%Y59% reduced risk of mortality resulting from colon cancer and a 50%Y63% reduced risk of all-cause mortality compared with sedentary colon cancer survivors (29, 30) .
Resistance Exercise
Resistance training involves muscle contraction against a load. Performing an arm curl with external resistance, such as therapeutic resistance bands, barbells, or dumbbells, is an example of a resistance training exercise. Resistance exercise also has been shown to improve many side effects stemming from cancer and its treatments, as well as improving QOL. Resistance training also has been found to favorably impact cancer survivors during and following cancer treatment.
For example, Segal and colleagues (55) have found that prostate cancer survivors undergoing androgen deprivation therapy saw improvements in CRF, cognitive function, muscular strength, and QOL when completing a supervised resistance training program three times each week, performing two sets of 8Y12 repetitions at a moderate intensity (60%Y70% one-repetition maximum) for a total of 12 wk, compared with nonexercising usual-care controls.
Resistance training concurrent with chemotherapeutic treatments for breast cancer also has been shown to be effective, increasing self-esteem and resulting in greater upper body and lower body strength and lean body mass compared with a usual care group (14) . Schmitz and colleagues found that resistance training 2 dIwk j1 over the course of 6Y12 months resulted in increased lean mass and decreased body fat percentage (51) . More recently Ahmed and colleagues demonstrated that resistance training did not result in more cases of lymphedema in cancer survivors, contrary to popular beliefs (1) .
Combined Aerobic and Resistance Exercise
Exercise programs combining both aerobic and resistance modes of physical activity positively influence many side effects stemming from cancer and its treatments. Campbell and colleagues (1, 8) demonstrated improvements using aerobic and resistance training in cancer survivors. Early stage breast cancer survivors receiving chemotherapy and/or radiation therapy had improved CRF, physical function, satisfaction with life, and QOL after completing a structured and supervised multi-modal (aerobic and resistance training) moderate intensity (60%Y75% age-adjusted maximum heart rate) exercise program 2 dIwk j1 for 12 wk compared with participants in a usual-care control condition.
Additional research by Milne and colleagues integrating a combined resistance training and aerobic exercise intervention showed a 12-wk exercise intervention, including approximately 20 min of endurance training and 12 resistance training exercises (2 sets, 10Y15 repetitions), resulted in improved aerobic fitness and muscular strength (31) .
Courneya and colleagues also compared the outcomes of an aerobic and a resistance training exercise intervention during chemotherapy in breast cancer survivors on their ability to tolerate dosages of prescribed chemotherapy. Participants in the usual-care no-exercise group only were able to receive 84.1% of their prescribed relative dose intensity (most beneficial outcomes are seen with 85% of relative dose intensity or higher), whereas participants in the aerobic and resistance training groups were able to tolerate 87.4% and 89.8% of relative dose intensity, respectively (14) .
More recently, Mustian and colleagues (42) demonstrated that a 4-wk, home-based, individually-tailored and progressively-increasing walking and resistance band exercise program improved aerobic capacity, strength, CRF, and QOL among breast and prostate cancer survivors undergoing radiation therapy (42) . Participants in this program were able to progressively increase from walking fewer than 5000 stepsId j1 to almost 12,000 stepsId j1 . Resistance band exercising increased from 0 minId j1 to more than 20 minId j1 for an average of 3.5 dIwk j1 . Cancer survivors performed this exercise at an average intensity of 3Y4 on a 10-point rating of perceived exertion scale.
Mindfulness-Based Exercise
Mindfulness-based exercise modes such as yoga and Tai Chi can provide substantial benefits for cancer survivors by decreasing side effects and improving function and QOL. For example, Joseph and colleagues (26) conducted an early study comparing yoga, support therapy, and meditation interventions among cancer survivors undergoing radiation therapy. The 8-wk yoga intervention consisted of simple yoga relaxation exercises twice a week for 90 min, and included yoga postures, breathing, and visualization. Participants in the yoga arm of this study reported improvements in sleep, QOL, treatment tolerance, mood, appetite, and bowel function.
Mustian and colleagues (38, 39, 41) demonstrated that a community-based, 12-week, 15-move Yang Style Short-Form of Tai Chi Chuan exercise, performed three times a week for 60 min improved aerobic capacity, strength, flexibility, body composition, self-esteem, and QOL among breast cancer survivors post-treatment.
Cohen and colleagues (10) conducted a study comparing the effectiveness of a Tibetan yoga exercise program to a waitlist control for improving sleep, fatigue, and psychological adjustment among lymphoma survivors who were receiving treatment or within 12 months post-treatment. The Tibetan yoga intervention consisted of one yoga session a week for 7 wk, with foci on yoga postures, visualization, breathing, and mindfulness. Participants in the yoga exercise program reported lower sleep disturbance.
CONCLUSION AND RECOMMENDATIONS FOR EXERCISE IN CANCER SURVIVORS
Unfortunately, most cancer survivors do not discuss initiating or continuing an exercise program with their treating on-cologist or primary care physician (23, 24, 37, 49) . However, research shows that cancer survivors prefer that their oncologists initiate discussion about exercise prescriptions (24) . Survivors who receive exercise prescriptions or referrals from their treating physicians return to exercise more quickly after treatment and have better adherence (13, 25, 56) . Oncologists need to discuss with cancer survivors how they can safely begin an exercise program during and after treatments and to inform survivors of any potential limitations (e.g., orthopedic, cardiopulmonary, oncologic) that can affect their exercise tolerance. Cancer survivors can benefit from an oncology referral to a qualified exercise specialist, specifically an oncologycertified exercise professional. The majority of cancer survivors report preferring to receive exercise counseling from a qualified exercise professional affiliated with the cancer center in which they receive treatment (23) . Qualified exercise professionals include individuals with formal education at the Bachelor_s level or higher in accredited exercise science or kinesiology programs. Additional certification by the American College of Sports Medicine (ACSM) with the Oncology Specialty would be preferable, and this certification, which can be obtained by individuals with varied educational backgrounds, provides a very useful professional benchmark, ensuring exercise professionals have the minimum competencies necessary to meet the unique needs of cancer survivors both during and after treatment (3, 18) .
At this point, specific evidence-based exercise guidelines have not been established for cancer survivors by professional organizations such as ACSM or the American Society of Clinical Oncology. However, following the exercise guidelines established by the American Cancer Society for cancer prevention may prove beneficial for cancer survivors (18) . The guidelines are aimed at adopting an active lifestyle and recommended that adults participate in at least 30 minutes of physical activity, ideally 45 to 60 minutes, at least 5 dIwk j1 , at a moderate to vigorous intensity (18) .
Evidence from current research also suggests that exercise prescriptions for cancer survivors should be individualized and tailored considering the disease site and stage, planned treatments, individual_s current fitness level, along with past and present exercise participation and preferences. Research suggests that exercise interventions involving moderately intense [55%Y75% of heart rate maximumYcorresponding to a rating of perceived exertion between 11 and 14 (5)] aerobic exercise ranging from 10 to 90 min in duration, 3Y7 dIwk j1 are consistently effective at managing side effects and improving QOL among cancer survivors with an early-stage diagnosis (i.e., non-metastatic disease) (15, 21, 40, 43) . Stationary cycling may be a useful mode of physical exercise for survivors with impairments such as ataxia or balance difficulties (15, 21, 40, 43) . Short bouts of activity (3Y10 min) accompanied by periods of rest culminating in a total of 30 min daily also can be effective at reducing side effects and improving QOL (15, 21, 40, 43) . Preliminary research suggests that progressive resistance exercise (e.g., therapeutic resistance bands, dumbbells, fixed weight systems) performed three times a week at a moderate to vigorous intensity (60%Y90% of one-repetition maximum) progressively increasing up to two to four sets ranging from 8 to 15 repetitions is effective at reducing side effects and improving QOL among cancer survivors. Research also suggests that mindfulness-based modes of exercise such as yoga and Tai Chi Chuan performed one to three times a week for 60Y90 min, at a moderate intensity level, can reduce side effects and improve QOL.
Studies also have demonstrated that low-intensity exercise is safe and well-tolerated by survivors with metastatic disease. To decrease the risk of lymphedema, compression sleeves should be worn when appropriate, but recent research suggests that resistance training does not result in increased incidence of lymphedema (1, 15, 21, 40, 43) . It also is prudent to advise cancer survivors to avoid excessive high-intensity exercise, which can potentially compromise the immune system and interfere with treatment and recovery (15, 21, 40, 43) .
SUMMARY
The current exercise and cancer control literature provides consistent support for the efficacy of exercise interventions in managing cancer-and treatment-related side effects as well as QOL. However, this body of literature is still in its infancy, and limitations do exist. Small sample sizes, a lack of consistency in the type and amounts of exercise used, and methodological concerns make it difficult to generalize the findings to the diverse cancer survivor population. Additionally, making comparisons based on dose and exercise mode is challenging because of a lack of appropriate statistical and follow-up analyses (e.g., intent-to-treat analyses in randomized controlled trials) (19, 27, 28, 40, 43, 44, 52, 59) . Despite these limitations, preliminary evidence consistently suggests that physical activity is not only safe but advantageous for cancer survivors in managing multiple side effects associated with cancer and cancer treatments (21, 40, 43) . Overall, research suggests that aerobic activity, resistance training, a combination of both, and mindfulness forms of exercise such as yoga and Tai Chi are effective in reducing cancer survivors_ complaints and improving QOL.
